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Abstract
InGaAs/GaAs quantum dots (QDs) superlattice grown by molecular beam epitaxy (MBE) at di⁄erent substrate
temperatures for fabricating 8—12 lm infrared photodetector were characterized by transmission electron microscopy
(TEM), double-crystal X-ray di⁄raction (DCXRD) and photoluminescence (PL). High-quality QDs superlattice can be
achieved by higher growth temperature. Cross-sectional TEM shows the QDs in the successive layers are vertically
aligned along growth direction. Interaction of partial vertically aligned columns leads to a perfect vertical ordering. With
increasing number of bilayers, the average QDs size becomes larger in height and rapidly saturates at a certain value,
while average lateral length nearly preserves initial size. This change leads to the formation of QDs homogeneous in
size and of a particular shape. The observed self-organizations are attributed to the e⁄ect of strain distribution at QDs on
the kinetic growth process. DCXRD measurement shows two sets of satellite peaks which corresponds to QDs superlat-
tice and multi quantum wells formed by the wetting layers. Kinematical simulations of the wetting layers indicate that
the formation of QDs is associated with a decrease of the e⁄ective indium content in the wetting layers. ( 1999 Elsevier
Science B.V. All rights reserved.
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1. Introduction
The fabrication of quantum dots (QDs) by self-
organization process has attracted increasing at-
tention in the last few years [1]. These structures
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are potentially important for optoelectronics ap-
plications, such as lasers [2], and infrared photo-
detectors [3,4]. Due to the localized states in
QDs, the intraband transition in QDs can be in-
duced by normal incident radiation. Furthermore,
phonon bottleneck [5] hinders carrier relaxing,
providing more eƒcient detection. Therefore, QDs
photodetector ideally has several advantages over
quantum wells (QWs), and attracted much more
attention [3,4,6,7]. For practical applications,
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uniform QDs size and high spatial density of QDs
are required. These might be achieved by QDs
stacked multilayers. Recent studies of QDs super-
lattice in the SiGe/Si [8—11], the InGaAs/GaAs
[12—14], and the GaInP/InP [15] systems have
shown that the QDs in successive layers were verti-
cally aligned, and the distribution of QDs size was
improved. Tersor⁄ et al. [16] have accounted for
the vertical alignment, and predicted that the size
and the spacing of QDs become uniform with
growth of successive layers, increasing the likeli-
hood that these structures could be used in practi-
cal electronic devices. Here we report the
fabrication of a 35-period InGaAs/GaAs QDs su-
perlattice for 8—12 lm infrared photodetector
grown at di⁄erent temperatures, and present a de-
tailed structural characterization of QDs super-
lattice. Our results show that the size uniformity
needed for QDs photodetector can be achieved by
self-organized QDs multilayers grown at optimiza-
tion of the growth parameters.
2. Experimental procedure
The samples were grown by Riber-32P molecular
beam epitaxy system on semi-insulating GaAs
(1 0 0) substrates. After oxide desorption, a 1.5 lm
thick GaAs contact layer was grown at a temper-
ature of 600¡C with a growth rate of 1 lm/h. Then
the substrate temperature was reduced to 480 and
520¡C to grow 35 period InGaAs/GaAs superla-
ttice for two samples A and B, respectively. The
Indium content in InGaAs alloy layers was about
0.32, and corresponding growth rate was 2.2 As /s,
which was determined by reßection high-energy
electron di⁄raction oscillations (RHEED), equiva-
lent beam pressure (EBP), and X-ray di⁄raction.
The thickness was 50 and 190 As for InGaAs and
GaAs, respectively. The structure was terminated
by a 1.0 lm GaAs contact layer. The GaAs contact
layers and InGaAs layers were Si-doped with con-
centrations of 2.0]1018, and 1.0]1018 cm~3, re-
spectively.
The evolution of InGaAs QDs is monitored in
situ by RHREED measurements and ex situ by
cross-sectional transmission electron microscopy
(XTEM) measurements, double-crystal X-ray dif-
fraction (DCXRD) measurements. Specimens for
TEM measurements were prepared by mechanical
thinning followed by ion milling. Low-temperature
(15 K) photoluminescence (PL) measurement is
used to characterize the optical properties of the
QDs superlattice.
3. Experimental results and discussions
Two-beam dark-Þeld XTEM images of InGaAs/
GaAs superlattice grown at 480 and 520¡C are
shown in Fig. 1a and Fig. 1b respectively. For the
sample A grown at lower temperature, it is clearly
seen that an InGaAs/GaAs multi-QWs with light
Fig. 1. Cross-sectional TEM micrographs of InGaAs/GaAs su-
perlattice for (a) sample A grown at 420¡C; (b) sample B grown
at 520¡C.
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Fig. 2. Histograms of quantum dots lateral spacing measured from XTEM micrographs and Þt with a Gaussian curve for (a) the Þrst
layer; (b) the 10th layer; (c) the 35th layer.
interface ßuctuation is fabricated. However, the
strong black—white contrast in the Fig. 1b clearly
evidences the formation of QDs for the sample
grown at higher temperature. Thin wetting layers
are observed around the QDs. No misÞt disloca-
tions can be detected within the limit of resolution.
These indicate that the formation of QDs is strong-
ly dependent on the growth temperature, similar to
the previous study of the dependence 2D—3D
transition on the temperature [17].
For Fig. 1b, one striking observation is that
the QDs in subsequent layers are vertically aligned
in columns along growth direction. Interaction of
partial vertical QDs columns, which depends sensi-
tively upon the lateral spacing of QDs in the Þrst
layer, leads to a perfect vertical ordering. There
seems to exist a critical spacing by which closer
columns move towards each other and merge
Þnally (marked A in Fig. 1), while new QDs column
nucleates in the space between wider columns
(marked B in Fig. 1). The observed self-organiza-
tion can be understood quantitatively in the frame-
work of a model based on continuum elasticity
theory [16], and the vertical alignment in the
SiGe/Si system has been predicted for the case of
l"3.5]d, where l is the lateral spacing of the QDs,
and d is the distance between the stacked dots
layers. Formation of a QD is determined by the
strain from the buried QDs, with nucleation occur-
ring where this strain gives a local minimum of the
misÞt between the spacer-layer surface and the new
QD. For two close QDs, the superposition of the
strain Þelds leads to a closer nucleation of the QDs
in successive layers. Finally, the two QDs merge
and are replaced by a larger QD. For two wide
QDs, minimum strain not only exists above buried
QDs, but also in the space in between, thus a new
QD nucleates in the space between two QDs and
grows to a larger QD. We show the lateral space
distributions of QDs in the Þrst layer, the 10th
layer, and the 35th layer in Fig. 2. It can be seen
that, with increasing number of bilayers, the distri-
bution of space is sharply made narrow and
saturated at a certain value of 81 As , which is re-
garded as the critical value. The one-to-one perfect
vertical alignment is also seen in Fig. 1b (marked
C). It depicts the lateral spacing of about 80 As ,
equal to the assumed critical value. The multi-
layers, in e⁄ect, acts like a band pass Þlter for the
spatial frequency, which leads to a high-ordering
QDs. It is worth noting that the critical value
reaches the predicted critical lateral spacing
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Fig. 3. Histograms of quantum dots lateral length measured from XTEM micrographs and Þt with a Gaussian curve for (1) the Þrst
layer; (2) the 10th layer; (3) the 35th layer.
l"3.5]d"3.5]240"84 As , this indicates that
the deduced critical value not only makes sense for
the SiGe/Si system, but also makes sense for this
system. Similar evidence was also reported in the
GaInP/InP system [15].
Another important observation is the change in
the QDs size with increasing number of bilayers.
We estimate the size of the QDs by measuring
across the interface of black—white contrast XTEM
micrographs. We reiterate that though we overesti-
mate the absolute QDs size due to the TEM con-
trast, the distribution itself will be una⁄ected [18].
It is also possible that this standard deviation is
narrower than shown, since it has been convoluted
with measurement errors, such as those resulting
from variations in image contrast across the micro-
graph. In order to avoid possible errors, above 200
QDs are measured from di⁄erent XTEM micro-
graphs. The lateral length and height distribution
of QDs in the Þrst layer, the 10th layer, and the 35th
layer are plotted in Figs. 3 and 4, respectively. The
histogram in both Þgures shows the narrowing
distribution of QDs lateral length and height with
increasing number of bilayers. An even more strik-
ing and important point is that, for successive
layers, the average QDs height becomes larger and
rapidly saturates at a certain value, while average
lateral length of QDs nearly preserves the initial
size. This experimental phenomenon can be ex-
plained by the e⁄ect of strain distribution at QDs
on the kinetic growth process.
During the QDs growth, the evolution of surface
morphology is inßuenced kinetically by the surface
stress since adatoms tend to di⁄use on a surface
away from sites with a higher strain to site with
a lower strain [19,20]. For the growth of QDs
superlattice, the surface strain induced by the
buried QDs is a driving force for a preferred direc-
tion for indium migration [21], which gives rise to
a vertical alignment. After QD forms, the strain
relaxation in the QD causes a strain concentration,
therefore, the adatoms deposited on the wetting
layer surface will have to overcome an energy bar-
rier before they can attach to the QDs. The calcu-
lations of strain distribution at QD indicate that
strain concentrates at QD edge, and the strain at
the top of QD is lower than at the bottom [22].
Since energy barrier is proportional to the strain,
the adatoms tend to a favorable growth at the site
on top of the QDs, which causes a rapid growth
rate for the QDs height. For a certain growth
temperature, this e⁄ect causes a similar QDs shape
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Fig. 4. Histograms of quantum dots height measured from XTEM micrographs and Þt with a Gaussian curve for (1) the Þrst layer; (2)
the 10th layer; (3) the 35th layer.
and size, leading to the homogeneous distribution
of QDs size, as observed experimentally.
We would like to comment brießy on the e⁄ect of
temperature on the QDs self-organization. An in-
crease in growth temperature permits atoms to
overcome the energy barrier more easily, therefore,
the observed QDs size increases with increasing
growth temperature [23]. Furthermore, the in-
creasing di⁄usion length may improve the uniform-
ity of QDs and spacing. However, the larger QDs
exceeding the critical value, cause dislocations,
therefore, the growth temperature is an important
parameter for the QDs self-organized growth. It is
worth noting that the changing of the QDs height
might lead to an ideal zero-dimensional behavior,
e.g. a distinct incident infrared absorption can be
observed from the QDs superlattice [7].
Low-temperature (15 K) PL measurements from
samples are shown in Fig. 5. For the QWs superla-
ttice, a strong peak around 1.29 meV with a full-
width at half-maximum (FWHM) of 30 meV is
observed. In the case of sample B, PL spactrum
shifted to 1.23 meV, a red shift of 60 meV could be
observed. The shift is characteristic of the QDs
formation. Furthermore, the spectrum is broad
(FWHM"50 meV), this can be attributed to the
distribution of the size of QDs.
We also show the DCXRD measurements of
QDs superlattice in Fig. 6. One striking observa-
tion is that X-ray (0 0 4) rocking curve clearly
shows two sets of satellite peaks which correspond-
ing to QDs superlattice and multi-QWs formed by
the wetting layers around QDs, respectively. Up to
seven QWs-related satellite peaks are observed,
which indicate the good crystalline quality of the
sample, while only four QDs-related satellite peaks
can be detected due to the roughness of the upper
interfaces between InGaAs QDs and GaAs space
layer. Using a simple kinematical theory [24], we
carried out the DCXRD simulation for the wetting
layers. A 30 As thickness In
0.26
Ga
0.74
As layer is
found to give a good Þt curve (Fig. 6b). The reduc-
tion of the e⁄ective indium content in the InGaAs
layer is found to be from 0.32 to 0.26. It indicates
that QDs formation manifests itself in the decrease
of the e⁄ective indium content in InGaAs wetting
layers [25].
4. Conclusions
InGaAs/GaAs QDs superlattice can be ac-
hieved by higher growth temperature. QDs in
the successive layers are vertically aligned. With
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Fig. 5. Photoluminescence spectra measured at 15 K of sample A grown at 480¡C (solid line), and sample B grown at 520¡C (dot line).
Fig. 6. The measured (0 0 4) X-ray di⁄raction rocking curve of a quantum dots superlattice (sample B) together with simulated spectra
(a) the measured curve; (b) a good-Þt curve for the multi-wetting layers. A 30 As thickness In
0.26
Ga
0.74
As wetting layer and 235 As
superlattice period are found.
increasing number of bilayers, the interaction
between partial vertical QDs columns leads to
perfect vertical ordering and the QDs tend to
a narrow size distribution and to a certain shape.
The behavior is attributed to the strain e⁄ect
on the QDs kinetic growth process. Additionally,
DCXRD measurement of QDs superlattice shows
two sets of satellite peaks which corresponds
to QDs superlattice and multi-QWs formed by
wetting layers. From kinematical simulations of
the wetting layers, we conclude that the forma-
tion of the QDs is associated with a decrease
of the e⁄ective indium content of the wetting
layers.
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